Abstract: The toxicity and deterrent effects of phytoheamagglutinin (Phaseolus vulgaris agglutinin, PHA) to the grain aphid (Sitobion avenae F.) was investigated in the laboratory by use of liquid diets or gels containing various PHA concentrations. The addition of PHA to the liquid diet increased the aphid pre-reproductive period, mortality, and generation time and decreased aphid fecundity and intrinsic rate of natural increase. Aphids fed on sucrose-agarose gels with higher concentrations of PHA exhibited no phloem-feeding behavior. The number of gel penetrations was reduced and duration of the pathway phase was increased as PHA concentration increased. These results indicate that PHA is detrimental to S. avenae and that the effect of PHA is at least partially explained by suppression of feeding behaviour. PHA could be useful for managing S. avenae.
Introduction
Plant lectins are a very heterogeneous group of proteins that share one important biological property: they can recognize and bind reversibly to specific carbohydrate structures. The principal function of lectins is to act as recognition molecules in the immune system, protein storage, and cell surface adhesion, and they have been implicated in defence mechanisms against invading pathogens and predators. During the last two decades, important progress has been made in the study of the activity of plant lectins against pathogens, nematodes, and especially insects (Vasconcelos & Oliveira 2004; Vandenborre et al. 2011) . With respect to insects, this research has indicated that particular plant lectins have entomotoxic properties but that the level of toxicity differs among insect species. The insecticidal mechanisms of plant lectins are not fully understood, and the effects of plant lectins on insect physiology and behavior can differ depending on the insect species and lectin (Carlini & Grossi-de-sá 2002) .
Phytoheamagglutinin (Phaseolus vulgaris agglutinin), abbreviated as PHA, is a lectin purified from seeds of the kidney bean (Phaseolus vulgaris L). PHA is a tetrameric lectin (molecular weights of approx. 118 kDa) (Pusztai & Stewart 1978) composed of two different but homologous mitogenic subunits: an erythroagglutinating E-type subunit (PHA-E) and a leucoagglutinating L-type subunit (PHA-L) (Allan & Crumpton 1971) . These subunits variously combine to form tetramers in vivo. PHA has the highest specificity for complex carbohydrate structures containing Dgalactose/N-acetyl-D-galactosamine (GalNAc) residues (Goldstein & Portez, 1986) . Of all classes of lectins tested, PHA has the most strongest toxic effects (Fitches et al. 2001; Sadeghi et al. 2006) . Aphids (Sternorrhyncha: Aphididae), which feed only on phloem, are distributed worldwide (Giordanengo et al. 2010) . They are a serious problem for agriculture despite being a relatively small insect group; there are only 4000 species in the world compared to 10,000 species of grasshoppers, 12,000 geometrid moths, and 60,000 species of weevils. The 4000 species of aphids live mostly in temperate regions where they colonize 25% of the existing plant species (Dedryver et al. 2010) . Their economic impact is related to their highly efficient colonization and settlement abilities, which result from several biological characteristics. First, they are parthenogenetic, and parthenogenesis confers a double intrinsic rate of increase and a shortened prereproductive time. Second, their winged adults colonize new host plants while their wingless adults invest more resources in reproduction (Powell et al. 2006 ). Third, their high population densities lead to significant nutrient withdrawal from sieve tubes. Fourth, they vector numerous plant viruses (Giordanengo et al. 2010) . Finally, sooty moulds frequently grow on aphid honeydew and reduce photosynthesis. Predicting the potential economic losses due to aphids is difficult because of the tremendous between-year variation in their num- bers and in the crop area affected, and because of the diversity of crops and agricultural conditions.
Although growers commonly control aphids by applying highly toxic insecticides (Go lawska et al. 2008) , the use of such chemicals can be detrimental to the environment (Boatman et al. 2007 ) and can select for insecticide resistance (Hill et al. 2006; Guillemaud et al. 2003) . Hence, safer alternatives with novel modes of action are needed for aphid control. The insertion of genes into plant genomes has been considered a viable basis for the development of alternative pest control strategies for many years. Some of the first commercially released transgenic plants were those that expressed genes from the soil bacterium Bacillus thuringiensis (Bt) (Shelton et al. 2002) . Because some insect pests have developed Bt resistance due to repeated Bt toxin application (Tabashnik et al. 2003) , and because each kind of Bt toxin affects only a limited number of pest species (Ramirez-Romero et al. 2008) , additional control methods including new resistance factors are needed (Carlini & Grossi-de-sá, 2002) . One new control methods involves the use of plant lectins.
In this paper, an artificial diet supplemented with pure PHA was used to study the insecticidal activity of the lectin on the population parameters of the grain aphid, Sitobion avenae F., 1794. S. avenae is an important pest of cereals worldwide (Larsson 2005; Zhao et al. 2009 ). It is highly prolific, and although growers attempt to control its outbreaks in late spring by insecticide application, S. avenae resistance to commonly used insecticides has been reported (Chen et al. 2007 ). To identify the underlying mechanisms of the interactions between plant lectins and insects, we have developed a bioassay to screen for the effect of PHA on grain aphid feeding behavior.
Material and methods

Aphids
Wingless females of S. avenae F. (Hemiptera: Aphididae) were used in all experiments and were obtained from a stock culture maintained at the Siedlce University of Natural Sciences and Humanities. Aphids were reared on winter wheat (Triticum aestivum L. cv. Liwilla) in an environmental chamber at 21 ± 1 • C, L16:D8 photoperiod and 70% RH.
Chemicals
PHA was purchased from MP Biomedicals (CN.151884). All other dietary components and chemical reagents were obtained from Sigma (Sigma Chemical Co., Poznań, Poland) and were of analytical or best available grade.
Methods
Treatment of S. avenae with PHA via artificial liquid diet PHA at four concentrations (10, 250, 750 and 1250 µg cm −3 ) was incorporated into an artificial liquid diet (Kieckhefer & Derr 1967 ) containing a nearly optimal composition of essential nutrients. Diet-only negative controls were included. After components were dissolved, the diets were sterilized by passage through 0.45 µm Millipore filters. A total of 0.5 cm 3 of solution was used for each aphid feeding chamber, which consisted of a plastic ring (35 mm diameter, 15 mm height) overlain with two layers of stretched Parafilm M , between which the diet was sandwiched (Fig. 1A ). For assays, S. avenae adults were placed on artificial control diet (without PHA) and left to produce nymphs overnight. After 24 h, the newly emerged first instar nymphs were transferred to new feeding chambers (five nymphs per chamber) containing the tested concentrations of PHA. Each concentration and the control were represented by 10 replicate chambers, which were kept in an environmental chamber at 21 ± 1 • C, L16:D8 lighting regime, and 70% RH. Feeding "sachets" were replaced every 2 days to avoid diet contamination and deterioration. The duration of the aphid pre-reproductive period, fecundity, and mortality were monitored daily for 15 days. The average time of generation development (T) and the intrinsic rate of natural increase (rm) were calculated using the equations of Wyatt & White (1977) :
where d is the length of the pre-reproductive period and Md is the number of larvae born during the reproduction period, which equals the d period, and 0.74 is the correction factor.
EPG tests
The effect of PHA on cereal aphid feeding behavior was investigated using sucrose-agarose gels. Gels were prepared by incorporating 1.25% agarose (Sigma A-0169) into 30% sucrose solution. After the mixtures were stirred, they were heated in a water bath (75
• C for 15 min). PHA at 10, 250, 750, and 1250 µg cm −3 was added to the mixtures when they had cooled to 37 • C; control gels without PHA were also prepared. The cool but molten mixtures were then poured into plastic rings and covered by a stretched Parafilm M membrane. Transparent gels formed after 1-2 min and were offered to aphids for probing (Fig. 1B) . Adult apterous aphids were starved in Petri dishes for 2 h before they were placed on the gels. Probing behavior was recorded with a DC electrical penetration graph (EPG) amplifier (type Giga-4). Aphids were connected to the EPG system by a 2-cm gold wire (20 µm in diameter), which was attached to the aphid with a conductive silver point (Demetron, L2027, Darmstadt, Germany). A second electrode was introduced into the gel. EPG data were collected inside a Faraday cage under laboratory conditions (21 ± 1 • C, L16:D8 photoperiod, and 70% RH). Probing behavior was recorded as follows: one adult apterous aphid was placed on each gel, and EPG recordings were made for 10 aphids on 10 different gels without lectin (control) and 10 gels for each PHA concentration. Aphid feeding behavior was monitored for 4 h. EPG signals were acquired and analyzed with STYLET 2.2 software provided by W. F. Tjallingii. Waveform patterns were identified according to Tjallingii (1990) . The five main waveform patterns generated by aphid feeding on artificial diet in this study are related to aphid activities and stylet position in plant tissues (Tjallingi 1988 (Tjallingi , 1994 . The following EPG patterns were distinguished: np (non-penetration), C (pathway phase), E1 and E2 (phloem phase), and G (xylem phase). In waveform pattern np, the aphid stylet is outside the diet (analogous to the stylet being outside the plant). In pattern C, the stylet has penetrated the diet (analogous to the stylet penetrating the epidermis and mesophyll, before salivation and ingestion). In pattern E1, the stylet has penetrated deeper into the diet and has begun salivating (analogous to the stylet salivating into phloem sieve tubes). In pattern E2, the stylet is ingesting the diet (analogous to the stylet passively ingesting phloem sap). In pattern G, the stylet is ingesting diet from deeper in the gel (analogous to the stylet actively ingesting xylem sap).
Statistical analysis
The effects of PHA on grain aphid performance and feeding behavior were statistically analyzed with two-tailed, unpaired Student's t tests. Relationships between PHA concentration and population parameters and feeding activities were assessed by Pearson's correlation analysis. All statistical analyses used Statistica for Windows v.7.0 (Statsoft, 2003) .
Results
Effect of PHA on S. avenae population parameters
The addition of PHA to the liquid diet increased the length of the S. avenae pre-reproductive period (R = 0.97, P < 0.001) ( Fig. 2A) , mortality (R = 0.96, P < 0.001) (Fig. 2E) , and the time of generation development (R = 0.97, P < 0.001) (Fig. 2C ) and decreased S. avenae fecundity (R = -0.88, P < 0.001) (Fig. 2B ) and the intrinsic rate of natural increase (R = -0.94, P < 0.001) (Fig. 2D) .
For pre-reproductive period and fecundity, differences were significant between the control and PHA at concentrations ≥250 µg cm −3 (Table 1) . For average generation time, differences were significant between the control and PHA at concentrations ≥750 µg cm −3 . For intrinsic rate of natural increase, differences were significant between the control and PHA at concentrations ≥250 µg cm −3 . For mortality, differences were significant between the control and PHA at all concentrations tested.
However, there was found significant relationship between studied concentrations of PHA and population parameters: the aphid fecundity (R = -0.88, P < 0.001, Pearson correlations), pre-reproductive period (R = 0.97, P < 0.001, Pearson correlations), average time of generation development (R = 0.97, P < 0.001, Pearson correlations), intrinsic rates of natural increase (r m ) (R = -0.94, P < 0.001, Pearson correlations) and mortality (R = 0.96, P < 0.001, Pearson correlations) (Fig. 2) . Effect of PHA on probing behaviour of S. avenae PHA clearly affected the feeding behaviour of S. avenae. All five wave patterns were observed on diets with lower concentrations of PHA (10 and 250 µg cm −3 ) but patterns E1 and E2 did not occur with diets containing >750 µg cm −3 of PHA ( Figs 3C, D) . The duration of patterns np and C increased as the PHA concentration increased (Pearson's correlation coefficient r = 0.55 for np and 0.73 for C, and P < 0.001 for both) ( Figs  3A, B) . Particularly, there were highly significant differences for average duration of pattern np of S. avenae between control and tested concentrations of PHA: 250 (t 18 = -4.40, P < 0.001, t test), 750 (t 18 = -7.06, P < 0.001, t test) and 1250 µg cm −3 (t 18 = -12.55, P < 0.001, t test). For 10 µg cm −3 significant differences were not found (t 18 = -1.66, P = 0.114, t test). The average duration of pattern C of S. avenae on all concentrations of PHA and without PHA varied significantly, too (P < 0.05, P < 0.001, t test). The duration of patterns E1 and E2, in contrast, decreased as PHA concentration increased (r = -0.72 for E1 and -0.62 for E2, and P < 0.001 for both) (Figs 3C, D ). There were significant differences for average duration of pattern E1 and E2 of S. avenae between control and tested concentrations of PHA: 750 and 1250 µg cm −3 (P < 0.001, t test). The duration of active ingestion from gels, as indicated by pattern G, also decreased as PHA concentration increased (r = -0.43, P < 0.001) (Fig. 3E ). There were highly significant differences for average duration of pattern G of S. avenae between control and tested concentrations of PHA: 10, 750 and 1250 µg cm −3 (P < 0.01, P < 0.001, t test). For 250 µg cm −3 significant differences were not found (t 18 = 1.58, P = 0.129, t test).
However, there were positive correlations between the tested concentrations of PHA and the durations of patterns np and C of grain aphid (R = 0.55, R = 0.73, P < 0.001, Pearson correlations). The phloem phase (E1 and E2) and xylem phase (G) of S. avenae on artificial diets were negatively correlated with concentration of PHA (R = -0.72, R = -0.62, R = -0.43, P < 0.001, Pearson correlations).
Discussion
Previous reports have indicated that a wide range of lectins from different plants negatively affect the life parameters of some economically important insect pests (Foissac et al. 2000; Couty et al. 2001; Trigueros et al. 2003; Sauvion et al. 2004; Karimi et al. 2006 ; Shahidi-I. Sprawka et al. Noghabi et al. 2009 ). When the grain aphid Sitobion avenae was fed an artificial diet containing the lectin PHA in the current study, its fecundity was reduced, its pre-reproductive period and generation time were prolonged, and its morality was increased. These effects on S. avenae were strongly correlated with the concentration of PHA in the artificial diet. These insecticidal effects of PHA on S. avenae can be compared to those reported for other insect species. Rahbe et al. (1995) showed that PHA reduced the survival and biomass increase of the pea aphid, Acyrthosiphon pisum Harris, 1776. Habibi et al. (1993) found that PHA was the most effective of 14 plant lectins in reducing the survival of the potato leafhopper, Empoasca fabae Harris, 1841. Toxicity of PHA to Callosobruchus maculatus (F., 1775) was reported by Sadeghi et al. (2006) , and Machuka et al. (1999) observed that PHA reduced the survival of Maruca vitrata (F., 1787) larvae. Other authors, however, reported that PHA had little or no toxicity towards the European corn borer, Ostrinia nubilalis (Hübner, 1796); the Western corn rootworm, Diabrotica virgifera LeConte, 1868 (Harper et al. 1995) ; the bean weevil, Acanthoscelides obtectus (Say, 1831) (Gatehouse et al. 1989) ; or the tomato moth, Lacanobia oleracea (L., 1758) (Fitches et al. 2001 ). Taken together, these different reports indicate that the effect of PHA on insects depends on the insect species. The different susceptibilities of insect species to PHA may result from the differences in PHA sensitivity to the hostile environment of the insect digestive tract. Depending on the resistance of a given plant lectin to the proteases in the insect midgut, the lectin may exert insecticidal activity or be cleaved and lose its activity. Another factor that could explain differences in lectin toxicity between insect hosts is that glycosylation profiles in insect tissues, and therefore lectin binding, strongly depend on insect developmental stage. As a consequence, plant lectins can be toxic to larvae but less toxic to adults (Vandenborre et al. 2011) . Sauvion et al. (2003) proposed that the insecticidal activity of lectins is related to their influence on insect feeding behavior. This hypothesis was supported by the present results in that the negative effects of PHA on S. avenae were associated with the shortening or suppressing of feeding activities. Frazier & Chyb (1995) suggested that insect feeding can be inhibited at the preingestional level (associated with host finding and host selection processes involving gustatory receptors), at the ingestional level (related to food transport and the production and release of salivary enzymes), and at the postingestional level (involving long-term effects resulting from various aspects of food digestion and absorption). Because aphid-probing behavior cannot be observed directly, the data from EPG recordings have been used as reliable indicators of preingestional and ingestional effects (Gabryś & Tjallingii 2002; Go lawska 2007) . The EPG waveform pattern produced by aphids feeding on artificial diet are interpreted to be analogous to or representative of the patterns previously described for the feeding of aphids on plants (Tjallingii 1994 ).
The EPG data in the current study indicated that an increase in PHA concentration in sucrose-agarose gels reduced the number of aphid probes and increased their duration. Moreover, we interpret the data from gels to indicate that when feeding on plants containing PHA, aphids would spend longer in penetrating the mesophyll, would be delayed in their initiation of salivation and ingestion, and would spend less time in passive ingestion of phloem sap. Higher concentrations of PHA might completely stop salivation and passive ingestion of phloem sap. Generally, these data suggest that PHA acts as an antifeedant. Similar results were observed by Powell & Gatehouse (1996) , who studied the effect of the mannose-binding snowdrop lectin (GNA) on the feeding behavior of the planthopper, Nilaparvata lugens (Stål, 1854); addition of GNA to the diet reduced diet ingestion eight-fold and reduced the percentage of planthoppers that ingested the GNA diet. In another study, the lectin from Canavalia ensiformis (ConA) influenced the feeding behavior of the pea aphid Acyrthosiphon pisum. ConA caused some alterations in A. pisum ingestion within the first 4 h. At this stage, ConA did not alter the frequency of behaviors but significantly affected the duration of behaviors: in the presence of ConA, nonprobing and salivation bouts were longer, whereas ingestion phases were significantly shorter (Sauvion et al. 2003) .
In conclusion, when ingested in an artificial diet, phytoheamagglutinin (PHA) had dose-dependent detrimental effects on growth, fecundity, and survival of the grain aphid. These detrimental effects were associated with feeding suppression. Because different lectins have different modes of action and because lectin effects may result from multiple mechanisms, further study is needed at the cellular level to determine where PHA binds and whether PHA is resistant to enzymatic digestion by midgut proteinases. PHA warrants additional consideration as a potential tool for management of the grain aphid, S. avenae.
